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MAGNETO-OPTICAL RECORDING
MEDIUM AND METHOD FOR RECORDING
AND REPRODUCTION THEREON

This application claims the benefit under 35 U.S.C. §371
of prior PCT International Application No. PCT/IP
96/01938 which has an International filing date of Jul. 12,
1996 which designated the United States of America, the
entire contents of which are hereby incorporated by refer-
ence.

TECHNICAL FIELD

The present invention relates to a magneto-optical record-
ing medium and a method for recording and reproduction
thereon. In particular, the present invention relates to a
magneto-optical recording medium including a plurality of
magnetic layers capable of multi-valued recording or multi-
layered recording, and a method for recording and repro-
duction thereon.

BACKGROUND ART

Development 1n information processing technology in
recent years 1nvolves the use of optical recording media as
recording media having a small size and a large capacity.
Such optical recording media are classified into recording
media exclusively used for reproduction such as CD and
CD-ROM, write-once type recording media on which infor-
mation can be written only once, and rewritable type record-
ing media on which mformation can be rewritten. Known
rewritable recording media include magneto-optical record-
ing media such as magneto-optical disks. Recording 1is
performed on such a magneto-optical recording medium by
applying an external magnetic field while wrradiating a
recording layer (magnetic layer) with a laser light beam so
that the polarity of magnetization in the recording layer is
inverted 1nto a direction of the external magnetic field.

It 1s also one of important technical tasks for the magneto-
optical recording medium to achieve a high recording den-
sity. A system for recording signals converted into multi-
valued mnformation has been hitherto known as a means for
achieving a high density on a magneto-optical recording
medium, as described 1n, for example, Proceedings of 13th
Congress of Applied Magnetics Society (published in 1989,

page 63) and Japanese Journal of Applied Physics, Vol. 28
(1989) Supplement 28-3, pp. 343-347.

In such a multi-valued recording system, a plurality of
magnetic layers having mutually different coercive forces
are stacked, and magnetization of a specified magnetic layer
1s selectively magnetically mnverted by modulating, at mul-
tiple levels, the intensity of a magnetic field applied to the
magnetic layers. It is described that four-valued (quaternary)
signal recording can be achieved in accordance with this
system by providing, in a recording medium, three magnetic
layers having mutually different coercive forces

However, according to the multi-valued recording system
applied to the magneto-optical recording medium as
described above, 1 order to detect, upon reproduction,
signals recorded as multi-valued signals, the multi-valued
signals have been distinguished by slicing, at a plurality of
levels, signals detected from the magneto-optical recording
medium. Accordingly, it has been 1mpossible to obtain a
large difference 1n signal amplitude corresponding to each of
multi-valued states, and i1t has been difficult to clearly
distinguish two states with a close difference in signal
amplitude therebetween. For this reason, a problem arises 1n
that the S/N ratio 1s low with respect to reproduced multi-
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valued signals. Therefore, 1t has been demanded to realize a
reproduction technique for obtaining reproduction signals at
a high S/N ratio from a certain magneto-optical recording,
medium subjected to high density recording.

As for magneto-optical recording media each having a
plurality of magnetic layers, a recording medium, 1n which
information can be recorded and reproduced independently
on each of magnetic layers, may serve as an extremely
elfective recording medium when various types of informa-
tion are recorded on a single recording medium in a corre-

lated manner, or when they are simultaneously recorded and
reproduced 1 parallel together with a plurality pieces of
channel information.

JP-A-4305841 discloses a method for reproducing a mul-
tilevel information which has been recorded by illuminating
with a recording light a magneto-optical recording medium,
which has a magneto-optical layer wherein a magnetization
direction may be changed by means of a magnetic field and
heat with the 1llumination of the light, and an enhanced layer
wherein a refractive index with respect to a reproducing
light may be changed depending on a heating condition with
the 1llumination light, to independently vary the magnetiza-
tion direction of the magneto-optical recording layer and the
refractive 1ndex of the enhanced layer. In the method, the
information 1s reproduced by illuminating the magneto-
optical recording medium, onto which the multilevel 1nfor-
mation has been recorded, with two reproducing lights
having different wavelength 1n order to independently detect
the intensity of the respective lights. The enhanced layer
must have a characteristic that the refractive index with
respect to an 1llumination light used for reproduction 1is
changed depending on a heating condition based on 1llumi-
nation of the light.

JP-A-71470277 discloses a method for reproducing a mul-
tilevel i1nformation from a magneto-optical recording
medium having a first magnetic recording layer and a second
magnetic recording layer by using two laser beams with
length A1, A2. The magneto-optical recording medium needs
to use a spacer layer for transmitting the laser beam having
the wavelength A2 and retlecting the laser beam having the
wavelength Al.

DISCLOSURE OF INVENTION

The present mvention has been made in order to solve the
problems caused by the conventional techniques as
described above, an object of which 1s to provide a novel
method for recording and reproduction on a magneto-optical
recording medium 1n which information recorded by multi-
valued recording can be reproduced at a high S/N ratio.

Another object of the present invention 1s to provide a
novel method for recording and reproduction on a magneto-
optical recording medium having a plurality of magnetic
layers 1n which data can be independently recorded
(recorded in multi-layers) or reproduced on each of mag-
netic layers of the magneto-optical recording medium.

Still another object of the present invention 1s to provide
a magneto-optical recording medium which 1s used for the
method for recording and reproduction on the magneto-
optical recording medium according to the present
invention, on which reproduction signals can be reproduced
at a high S/N ratio from the magneto-optical recording
medium subjected to multi-valued recording.

Still another object of the present invention 1s to provide
a novel magneto-optical recording medium which 1s repro-
duced on each of the recording layers.

According to a first aspect of the present invention, there
1s provided a method for recording and reproduction on a
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magneto-optical recording medium mncluding a plurality of
magnetic layers, in which multi-valued information 1is
recorded on the magneto-optical recording medium as a
combination of magnetization states of the respective mag-
netic layers, and the multi-valued information is reproduced
on the basis of an aggregate of the magnetization states of
the respective magnetic layers, characterized in that:

the plurality of the magnetic layers are wrradiated with
light beams having wavelengths A; and A, (A,=h;)
respectively, signals reproduced from retlected light beams
having the respective wavelengths are converted 1nto two-
valued (binary) or higher multi-valued reproduction signals
respectively, and then the converted reproduction signals
concerning the respective wavelengths are mutually sub-
jected to logical operation to reproduce the recorded multi-
valued 1nformation.

It 1s preferred 1n the method for recording and reproduc-
tion described above that the magneto-optical recording
medium to be used 1s a magneto-optical recording medium
in which a ratio of intensities of reproduction signals
detected for a plurality of magnetization states determined
by the combination of the magnetization states, concerning,
the reproduction signals obtained at the wavelength 2, 1s
mutually different from that concerning reproduction signals
obtained at the wavelength A,. It 1s also possible that the
magneto-optical recording medium to be used 1s a magneto-
optical recording medium 1n which an order of 1ntensities of
a plurality of reproduction signals detected for a plurality of
magnetization states determined by the combination of the
magnetization states, obtained upon detection at the wave-
length 2,, 1s mutually different from that obtained upon
detection at the wavelength ...

It 1s preferred 1n the method for recording and reproduc-
fion described above, according to an embodiment of the
present 1nvention, that the magneto-optical recording
medium to be used 1s a magneto-optical recording medium
including two magnetic layers capable of four-valued
recording on the basis of four combined magnetization
states, 1n which magnitudes of reproduction signals 0, to 0,
from the four magnetization states, obtained upon reproduc-
tion at the wavelength A, are different from those obtained
upon reproduction at the wavelength A,, wherein the two
magnetic layers are irradiated with the light beams having
the wavelengths A, and ), respectively, signals reproduced
from respective reflected light beams are sliced by using at
least one level to obtain two-valued or higher multi-valued
reproduction signals respectively, and the two-valued or
higher multi-valued reproduction signals concerning the
respective wavelengths are mutually subjected to a logical
operation to reproduce information recorded by four-valued
recording.

The principle of the method for recording and reproduc-
tion according to the first aspect of the present invention will
be explained below. Explanation will be made as exempli-
fied by reproduction of a four-valued recording signal
recorded on a magneto-optical recording medium having
two magnetic layers (recording layers) produced in the first
embodiment described later on. FIG. 3 (a) illustrates mag-
netization states of first and second magnetic layers
(recording layers) subjected to recording in accordance with
the fourth embodiment described later on. Four combined
magnetization states of (11), (1{), ({ 1), (| |) exist on the
magneto-optical recording medium based on combinations
of magnetization directions on the first and second magnetic
layers. The magnetization states are depicted 1n an order
from the first magnetic layer to the second magnetic layer.
The four combined magnetization states correspond to
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recorded four-valued signals, 1.¢., “07, “17, “27, “3” respec-
tively. The four-valued signals have been recorded 1n accor-
dance with the recording principle explained 1n the embodi-
ments by applying, upon recording, external magnetic fields
having intensities of HO, H1, H2, H3 to the magneto-optical
recording medium respectively. As for information recorded
on the basis of the combinations of the four magnetization
states, the magneto-optical recording medium 1s irradiated
with reproducing light beams at &,=443 nm and A,=780 nm
to obtain reflected light beams therefrom so that magnitudes
of apparent Kerr rotation angles are determined as repro-
duction signals. The term “apparent Kerr rotation angle”
herein means a Kerr rotation angle detected from a reflected
light beam from a magneto-optical recording medium irra-
diated with a reproducing light beam. The apparent Kerr
rotation angle 1s detected as a value which 1s larger than that
of a Kerr rotation angle representing an actual magnetization
state of a magnetic layer due to a multiple interference effect
on a protective layer in the recording medium or a Faraday
cifect of a recording layer, which 1s also called “effective
Kerr rotation angle”. FIG. 3 (b) shows relative signal outputs
from the respective states reproduced with the reproducing
light beam at A,=443 nm, and FIG. 3 (¢) shows relative
signal outputs from the respective states reproduced with the
reproducing light beam at A,=780 nm. As for the magneto-
optical recording medium used 1n the method for recording
and reproduction according to the present mvention, the
apparent Kerr rotation angle obtained with the reproducing
light beam wvaries depending on the wavelength of the
reproducing light beam especially due to the multiple inter-
ference of the reproducing light beam 1n the first dielectric
layer. As shown 1n FIG. 2, reproduction signal intensities for
the four magnetization state “07, “17, “27, “3” determined by
the combination of the respective magnetic layers, 1.e.,
apparent Kerr rotation angles, vary depending on the wave-
length of the reproducing light beam. In FIG. 2, a difference
F 1n the Kerr rotation angle between the states “1” and “07,
a difference E in the Kerr rotation angle between the states
“0” and “3”, and a difference D 1n the Kerr rotation angle
between the states “3” and “2” are approximately the same
in the vicinity of a wavelength A=630 nm. However, 1 a
longer wavelength region, for example, a difference A 1n the
Kerr rotation angle between the states “2” and “3” and a
difference B 1n the Kerr rotation angle between the states “0”
and “1” at a wavelength A=780 nm are fairly larger than the
corresponding differences D and F 1n the Kerr rotation angle
at the wavelength A=630 nm. On the other hand, on a shorter
wavelength side, a difference C in the Kerr rotation angle
between the state “3” and “0” especially in the vicinity of
443 nm 1s fairly larger than the corresponding difference E
in the Kerr rotation angle 1n the vicinity of the wavelength
»=630 nm. According to these facts, it 1s recognizable that
a higher S/N ratio 1s obtained by distinguishing and detect-
ing the four states by using the two wavelengths of 443 nm
and 780 nm, as compared with detection by dividing signal
amplitudes corresponding to the four values of the states
“07,“17,“2”,“3” by using the single wavelength of 630 nm.
According to the embodiment of the present invention, a
reproduction signal 1s detected by using the reproducing
light beam at A,=443 nm, and then 1t 1s sliced at an
appropriate level to provide for separation 1nto two-valued
values concerning the state “0” or “1” and the state “2” or
“3”, while a reproduction signal 1s detected by using the
reproducing light beam at A,=780 nm, and then it 1s sliced
at appropriate levels to provide for separation into three
levels of the state “0” or “3”, the state “1”, and the state “2”
so that two series of two-valued signals are obtained from
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which a recording signal recorded on the multiple layers
(two layers) can be reproduced.

According to a second aspect of the present invention,
there 1s provided a method for recording and reproduction
on a magneto-optical recording medium including a plural-
ity of magnetic layers, in which multi-valued information or
a plurality of two-valued mmformation arrays are recorded on
the magneto-optical recording medium as a combination of
magnetization states of the respective magnetic layers, and
the multi-valued information or the plurality of the two-
valued mnformation arrays are reproduced on the basis of an
aggregate of the magnetization states of the respective
magnetic layers, characterized in that:

the plurality of the magnetic layers are irradiated with
light beams having wavelengths A, and A, respectively,
information recorded on one of the magnetic layers 1is
reproduced by using the light beam having the wavelength
M, Information recorded on another of the magnetic layers
1s reproduced by using the light beam having the wavelength
A, (h=A,), and thus information is independently repro-
duced from each of the magnetic layers.

It 1s preferred 1n the method for recording and reproduc-
fion described above that the magneto-optical recording
medium to be used 1s a magneto-optical recording medium
in which an order of intensities of a plurality of reproduction
signals detected for a plurality of magnetization states
determined by the combination of the magnetization states,
obtained upon detection at the wavelength A, 1s mutually

different from that obtained upon detection at the wave-
length A,

It 1s preferred 1n the method for recording and reproduc-
tion described above that the magneto-optical recording
medium to be used 1s a magneto-optical recording medium
including two magnetic layers capable of four-valued
recording on the basis of four combined magnetization
states, 1n which an order of magnitudes of reproduction
signals 0, to 0, from the four magnetization states, obtained
upon detection at the wavelength A, 1s different from that
obtained upon detection at the wavelength A.,, wherein
two-valued information on one of the magnetic layers is
reproduced by using the light beam having the wavelength
).,, and two-valued mnformation on the other magnetic layer
1s reproduced by using the light beam having the wavelength
). In this embodiment, a two-valued signal converted into
two-valued one by slicing, at a predetermined level, a
reproduction signal including the four magnetization states
detected at the wavelength A, may be allowed to correspond
to a two-valued magnetization state of one of the magnetic
layers, and a two-valued signal converted into two-valued
one by slicing, at a predetermined level, a reproduction
signal including the four magnetization states detected at the
wavelength ), may be allowed to correspond to a two-
valued magnetization state of the other magnetic layer.

Now the principle of the method for recording and
reproduction according to the second aspect of the present
invention will be explained with reference to FIGS. 5 and 6.
FIG. 6 (a) illustrates recorded magnetization states of first
and second magnetic layers of a magneto-optical disk pro-
duced 1n the second embodiment of the present mnvention.
Four combined magnetization states of (11), (11), (1),
(| |) exist on the magneto-optical recording medium based
on combinations of magnetization directions on the first and
second magnetic layers. The four combined magnetization
states correspond to recorded four-valued recording signals,
1.e., “07, “17, “27, “3” respectively. The four-valued signals
have been recorded by applying external magnetic fields
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having intensities of HO, H1, H2, H3 to the magneto-optical
recording medium respectively. In this method for recording
and reproduction, mmformation on the first magnetic layer
and two-valued information recorded on the second mag-
netic layer can be independently determined by using the
reproducing light beam at A,=443 nm and the reproducing
light beam at A,=780 nm respectively. The magneto-optical
recording medium used for the method for recording and
reproduction according to the present invention has a
characteristic, as shown 1n FIG. 5, that a curve, which
represents variation in the apparent Kerr rotation angle with
respect to the wavelength concerning one magnetization
state (determined by magnetization states of the two mag-
netic layers), intersects a curve which represents variation in
the apparent Kerr rotation angle with respect to the wave-
length concerning another magnetization state, 1n a range of
the two reproducing wavelengths A, and A, (a curve for the
state “0” and a curve for the state “3” in FIG. 5). This
characteristic can be specifically achieved by adjusting
optical lengths (thicknesses and refractive indexes) of the
first dielectric layer and the plurality of magnetic layers with
respect to the reproducing wavelengths A, and A,. FIGS. 6
(b) and (c) illustrate relative signal outputs concerning the
respective magnetization states reproduced by using the
light beams at A, and A,. As for this medium, the level
(apparent Kerr rotation angle) of the reproduction signal
concerning the state “0” intersects that concerning the state
“3” in the vicinity of 630 nm (FIG. §). Accordingly, the order
of magnitudes of reproduction signals for the states “0” and
“3” 1s different between A,=780 nm and A,=443 nm.
Namely, the signal output decreases 1n an order of “27, “37,
“07, “1” upon reproduction with the reproducing light beam
at A,=443 nm, while the signal output decreases in an order
of “27,07,“3”,“1” upon reproduction with the reproducing
light beam at A\,=780 nm. Now when the reproduction signal
1s sliced at an intermediate level of the reproduction signal
output at A,=443 nm shown in FIG. 6 (b), then it 1s possible
to distinguish a set of the two states of “2” and “3” from a
set of the two states of “0” and “1”. According to inspection
of the magnetization states of the two sets of the states, 1t 1s
recognizable that the set of the two states of “2” and “3” and
the set of the two states of “0” and “1” can be distinguished
into two-valued information on the basis of the magnetiza-
tion state of the first magnetic layer. Namely, both of the
states “2” and “3” provide a magnetization state | of the first
magnetic layer, while both of the states “0” and “1” provide
a magnetization state | of the first magnetic layer. Therefore,
a two-valued signal, obtained by slicing the reproduction
signal at the intermediate level of the reproduction signal
output at A,=443 nm, may be allowed to correspond to the
two-valued magnetization state of the first magnetic layer.
On the other hand, when the reproduction signal 1s sliced at
an 1ntermediate level of the reproduction signal output at
M,=780 nm shown in FIG. 6 (c¢), then a set of the two states
of “2” and “0” 1s distinguished from a set of the two states
of “3” and “1”, and they can be recognized by using
two-valued 1nformation. According to inspection of the
magnetization states of the set of the states “2” and “0” and
the set of states “3” and “1”, both of the magnetization states
of the second magnetic layer are 1 1n the former set, while
both of the magnetization states of the second magnetic
layer are | 1n the latter set. Therefore, a two-valued signal,
obtained by slicing the reproduction signal at the interme-
diate level of the reproduction signal output at A,=780 nm,
may be allowed to correspond to the two-valued magneti-
zation state of the second magnetic layer. Therefore, the use
of the magneto-optical recording medium provided with the
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reproduction signal characteristic as shown in FIGS. 6 (b)
and (c) makes it possible to independently reproduce two-
valued information recorded on the first magnetic layer and
two-valued information recorded on the second magnetic
layer by selecting the wavelength A, or A, of the reproducing
light beam. In this embodiment, it 1s unnecessary for a focal
point of an 1rradiating laser beam to be adjusted at a
magnetic layer intended to perform reproduction thereon.

The reproducing wavelength 1s not specifically limited in
the method for recording and reproduction on the magneto-
optical recording medium of the present invention.
However, the reproducing wavelength 1s preferably i ,=350
to 900 nm because it 1s within a wavelength region capable
of emission by using currently available various laser appa-
ratuses or capable of emission by using a combination with
an SHG (secondary higher harmonic wave generation)
device. The reproducing wavelength 2., 1s desirably different
in wavelength from A, by not less than 50 nm 1n order to
separate pieces of information on the respective magnetic
layers at a high S/N ratio. In the method for recording and
reproduction described above, the light beams at A, and A,
can be radiated so that they are collected at different portions
of a recording area on the magneto-optical recording
medium.

In the method for recording and reproduction according to
the second aspect described above, the light beam having the
wavelength A, or A, 1s radiated to reproduce information
recorded on one of the magnetic layers (recording layers),
while recording 1s performed by combining the reproduced
information with mformation to be recorded on another of
the magnetic layers so that only information on the another
of the magnetic layers may be rewritten in a virtual manner.
In the method for recording and reproduction according to
the second aspect of the present invention, mmformation
recorded on each of the magnetic layers can be indepen-
dently reproduced by using a different wavelength for each
of the magnetic layers. Therefore, when only one magnetic
layer 1s subjected to rewriting, then 1information on another
magnetic layer not subjected to rewriting 1s previously
reproduced by allowing a reproducing light beam to precede
a recording light beam in order to perform scanning on a
recording track, and a magnetic field modulation signal 1s
formed by combining the reproduced information with
information to be recorded on the magnetic layer subjected
to rewriting so that the two magnetic layers are heated by the
recording light beam to perform recording while applying a
magnetic field in conformity with the modulation signal.
Thus only one magnetic layer 1s consequently subjected to
rewriting.

According to a third aspect of the present invention, there
1s provided a magneto-optical recording medium to be used
for the method for recording and reproduction according to
the first aspect of the present invention, including a plurality
of magnetic layers on a substrate, on which multi-valued
information 1s recorded on the basis of a combination of
magnetization states of the plurality of the magnetic layers,
characterized 1n that:

a ratio of magnitudes of Kerr rotation angles read from a
plurality of magnetization states determined by the combi-
nation of the magnetization states, obtained upon reproduc-
tion by using a light beam having a wavelength A, 1s
mutually different from that obtained upon reproduction by
using a light beam having a wavelength A.,.

It 1s preferred in the magneto-optical recording medium
described above that optical path lengths of layers for
constructing the magneto-optical recording medium are
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adjusted so that the ratio of magnitudes of Kerr rotation
angles read from a plurality of magnetization states deter-
mined by the combination of the magnetization states,
obtained upon reproduction by using the light beam having
the wavelength A, 1s mutually different from that obtained
upon reproduction by using the light beam having the
wavelength A,.

According to a fourth aspect of the present invention,
there 1s provided a magneto-optical recording medium to be
used for the method for recording and reproduction accord-
ing to the second aspect of the present mnvention, mncluding
a plurality of magnetic layers on a substrate, on which
multi-valued information or a plurality of two-valued 1nfor-
mation arrays are recorded on the basis of a combination of
magnetization states of the plurality of the magnetic layers,
characterized 1n that:

magnitudes of Kerr rotation angles read from a plurality
of magnetization states determined by the combination of
the magnetization states differ depending on a wavelength of
a reproducing light beam respectively; and

the magneto-optical recording medium has a magneto-
optical characteristic that a curve, which represents variation
in the Kerr rotation angle with respect to the wavelength of
the reproducing light beam detected from one combined
magnetization state, intersects a curve which represents
variation 1n the Kerr rotation angle with respect to the
wavelength of the reproducing light beam detected from at
least one of other combined magnetization states, 1n a
wavelength range of A, to A, of the wavelength of the
reproducing light beam.

It 1s preferred 1n the magneto-optical recording medium
described above that the magneto-optical recording medium
includes at least one dielectric layer and the plurality of the
magnetic layers on a substrate, and optical path lengths of
the at least one dielectric layer and the plurality of the
magnetic layers are adjusted so that the magneto-optical
recording medium has the magneto-optical characteristic
that the curve, which represents variation in the Kerr rotation
angle with respect to the wavelength of the reproducing light
beam detected from one combined magnetization state,
intersects the curve which represents variation in the Kerr
rotation angle with respect to the wavelength of the repro-
ducing light beam detected from at least one of other
combined magnetization states, 1n the wavelength range of
M, to A, of the wavelength of the reproducing light beam.

The magneto-optical recording medium according to the
present nvention may typically comprise a first dielectric
layer, a first magnetic layer (recording layer), a second
dielectric layer, a second magnetic layer (recording layer),
an auxiliary magnetic layer, a third dielectric layer, a metal-
lic reflective layer, and a protective layer, the layers being
successively stacked on a transparent substrate. The struc-
ture as described above 1s preferred for magnetic field
modulation recording. However, the present invention 1s not
limited thereto. It 1s allowable to adopt various structures in
conformity with recording systems.

The first dielectric layer 1s provided as a layer for making
multiple interference of the reproducing light beam, and
increasing the apparent Kerr rotation angle, and it 1s gener-
ally formed of an inorganic dielectric material having a
refractive index larger than that of the transparent substrate.
Those preferred for the first dielectric layer include, for
example, oxides or nitrides of silicon, aluminum, zirconium,
tfitanium, and tantalum, and those especially preferred
include SiN. It 1s important for the magneto-optical record-
ing medium of the present invention to have the features
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defined 1n the third and fourth aspects of the present 1nven-
tion by controlling the optical length of the first dielectric
layer, 1.¢., the refractive mdex and the thickness of the first
dielectric layer. When the first dielectric layer 1s composed
of SiN, 1t preferably has an refractive index of 1.90 to 2.40.
The first dielectric layer composed of SiN having the
refractive mmdex as described above can be obtained by
adjusting a mixing ratio of sputtering atmosphere gases 1n
conformity with a composition of SiN_ upon production ot
SiN by means of a dry process such as a sputtering method.

The first dielectric layer preferably has a thickness of 400 to
1,100 A (angstroms).

The magnetic layer of the magneto-optical recording
medium of the present invention may be composed of an
amorphous vertically magnetizable film comprising an alloy
of a rare earth metal-transition metal system. Especially,
when recording 1s performed 1n accordance with the mag-
netic field modulation system, the magnetic layer 1s prefer-
ably composed of a material represented by the following
general formula:

(Tb 100.4Q4 )XFE 100-x-y-zC0yMz

wherein:

15 atomic %=X=<40 atomic %:;
5 atomic % =Y =20 atomic %;
0 atomic =7=15 atomic %;
0 atomic %=A=30 atomic %;

wherein M 1s at least one of elements selected from the
ogroup consisting of Nb, Cr, Pt, T1, and Al, and Q 1s at least
one of element selected from the group consisting of Gd, Nd,
and Dy.

When the recording layer comprises two magnetic layers,
both of the first and second magnetic layers may be com-
posed of the alloy of the rare earth metal-transition metal
system having the composition described above. The first
magnetic layer preferably has a thickness of 20 to 200 A
(angstroms), and the second magnetic layer preferably has a
thickness of 50 to 500 A (angstroms). The first and second
magnetic layers may have various combinations of their
Curie temperatures and thicknesses. However, the first and
second magnetic layers preferably have their Curie tempera-
tures which are approximate to one another as close as
possible 1n order to provide a uniform size of magnetic
domains recorded on each of the layers. It 1s preferred that
the difference 1n Curie temperature between the respective
layers 1s within 30° C. It is optimum that the respective
layers have an equal Curie temperature. It 1s also possible to
form a film obtained by stacking three or more magnetic
layers.

The auxiliary magnetic layer 1s added to the magnetic
layer which 1s 1n charge of recording so that the auxiliary
magnetic layer serves to control an external condition under
which recording (1.e., inversion of magnetization) occurs on
the magnetic layer. The auxiliary magnetic layer 1s provided,
for example, for controlling a region of an external magnetic
field to generate a magnetization state of each of the direc-
tions (] or |) during recording so that a combination of
magnetization states to be generated on each of the stacked
magnetic layers which are in charge of recording 1s gener-
ated under a mutually different recording condition. The
auxiliary magnetic layer may be composed of, for example,
an amorphous vertically magnetizable film of a rare earth-
fransition metal system, an alloy thin film composed of at
least one of elements selected from the group consisting of
noble metals such as Pt, Al, Ag, Au, Cu, and Rh, and at least
one of elements selected from the group consisting of
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transition metals such as Fe, Co, and Ni, or a film composed
of a simple substance of a transition metal such as Fe, Co,
and N1 or an alloy film thereof. The auxiliary magnetic layer
may have a thickness of 5 to 1,500 A (angstroms).

The metallic reflective layer reflects the reproducing light
beam having passed through the respective layers to return
the light beam toward the transparent substrate so that the
apparent Kerr rotation angle may be increased owing to the
Faraday effect exerted during transmission through the mag-
netic layer. The metallic reflective layer 1s preferably com-
posed of an alloy comprising at least one of metal elements
selected from the group consisting of Al, Ag, Au, Cu, and Be
and at least one of metal elements selected from the group
consisting of Cr, Ti, Ta, Sn, S1, Pe, Nb, Mo, L1, Mg, W, and
/r.

The second and third dielectric layers make multiple
interference of the reproducing light beam having passed
through the respective layers so that the Kerr rotation angle
may be increased, 1n the same manner as described for the
first dielectric layer. The second and third dielectric layers
may be composed of the group of materials which may be
used to construct the first dielectric layer. In addition, the
respective dielectric layers and the metallic reflective layer
also serve as heat control layers to obtain an appropriate
recording power sensifivity or an appropriate recording
power margin, and they also serve to protect the recording
layer from chemical shock. The second and third dielectric
layers and the metallic reflective layer are optional layers,
which may be omitted.

The transparent substrate used herein 1s composed of a
transparent resin material including, for example,
polycarbonate, polymethyl methacrylate, and epoxy, on
which a preformat pattern 1s formed.

The protective layer 1s an uppermost layer, which may be
composed of, for example, an ultraviolet-curable resin. The
magneto-optical recording medium having the structure as
described above 1s preferably produced by a dry process
such as sputtering and vapor deposition.

The thickness of each of the first to third dielectric layers,
the first and second magnetic layers, and the auxiliary
magnetic layer included 1n the magneto-optical recording
medium of the present invention 1s appropriately adjusted 1n
accordance with the way of change of the apparent Kerr
rotation angle depending on the reproducing wavelength, the
apparent Kerr rotation angle being obtained on the basis of
a plurality of the magnetization states determined by the
combination of magnetization states of each of the magnetic
layers. Specifically, the thickness of each of the layers is
adjusted so that the ratio and/or the order of magnitudes of
apparent Kerr rotation angles obtained on the basis of a
plurality of combined magnetization states i1s different
between the selected two reproducing wavelengths.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an outline of a cross-sectional structure of
a magneto-optical disk of the present invention produced 1n
the first embodiment, 1llustrating a state in which the disk 1s
irradiated with two reproducing light beams having different
wavelengths A, and A,.

FIG. 2 shows a graph 1llustrating wavelength-dependency
of the apparent Kerr rotation angle concerning four magne-
tization states determined by the combination of magneti-
zation states of two magnetic layers of the magneto-optical
disk obtained 1n the first embodiment.

FIG. 3 shows a graph illustrating relative signal outputs
concerning the four states determined by the combination of
magnetization states of two magnetic layers of the magneto-
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optical disk obtained in the first embodiment. FIG. 3 (a)
shows recorded magnetization states on the two magnetic
layers, FIG. 3 (b) shows relative signal outputs from the four
states when reproduction 1s performed by using a reproduc-
ing light beam at A,=443 nm, and FIG. 3 (c¢) shows relative
signal outputs from the four states when reproduction is
performed by using a reproducing light beam at A,=780 nm.

FIG. 4 shows an outline of a cross-sectional structure of
a magneto-optical disk of the present invention produced 1n
the second embodiment, illustrating a state 1n which the disk
1s 1rradiated with two reproducing light beams having dif-
ferent wavelengths A, and A,.

FIG. § shows a graph 1llustrating wavelength-dependency
of the apparent Kerr rotation angle concerning four magne-
fization states determined by the combination of magneti-
zation states of two magnetic layers of the magneto-optical
disk obtained in the second embodiment.

FIG. 6 shows a graph illustrating relative signal outputs
concerning the four states determined by the combination of
magnetization states of two magnetic layers of the magneto-
optical disk obtained in the second embodiment. FIG. 6 (a)
shows recorded magnetization states on the two magnetic
layers, FIG. 6 (b) shows relative signal outputs from the four
states when reproduction 1s performed by using a reproduc-
ing light beam at A,=443 nm, and FIG. 6 (c¢) shows relative
signal outputs from the four states when reproduction is
performed by using a reproducing light beam at A,=780 nm.

FIG. 7 shows a graph 1illustrating hysteresis which repre-
sents the relationship between the magnetic field applied to
the magneto-optical disk obtained in the first embodiment
and the Kerr rotation angle detected by using a measuring
light beam at A,=443 nm.

FIG. 8 shows an outline of a recording method 1n accor-
dance with the magnetic field modulation system used 1n the
fourth embodiment. FIG. 8 (a) shows two-valued signal
arrays to be recorded, FIG. 8 (b) shows a combined signal
thereof, FIG. 8 (c¢) shows a process for synthesizing a
modulated signal to be mputted into a magnetic coil from the
combined signal shown in FIG. 8 (b), FIG. 8 (d) shows an
external magnetic field to be applied to the magneto-optical
disk, FIG. 8 (¢) shows a light pulse array radiated under the
external magnetic field shown in FIG. 8 (d), and FIG. 8 (f)

shows a magnetic domain array formed by recording.

FIG. 9 shows a state 1n which mnformation on the first
layer 1s reproduced by using a reproducing light beam at 2.,
while the first and second layers are subjected to recording,
by using a recording light beam at A, in a recording method
described 1n the seventh embodiment.

FIG. 10 shows magnetization states of the first and second
magnetic layers before and after information on the second
magnetic layer 1s rewritten in the recording method
described 1n the seventh embodiment. FIG. 10 (@) shows a
domain array of recording marks having been recorded, FIG.
10 (b) shows magnetization states and two-valued informa-
fion on the first and second magnetic layers before the
second magnetic layer is subjected to rewriting, FIG. 10 (¢)
shows recording signals used for rewriting, FIG. 10 (d)
shows a modulated magnetic field to be applied 1n accor-
dance with the magnetic field modulation system, and FIG.
10 (e) shows magnetization states and two-valued informa-
tion on the first and second magnetic layers after rewriting
1s performed.

FIG. 11 shows positions irradiated with a reproducing
light beam at the wavelength A, and a recording light beam
at the wavelength A, in the recording method described 1n
the seventh embodiment.
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FIG. 12 shows other positions irradiated with a reproduc-
ing light beam at the wavelength A, and a recording light
beam at the wavelength A, in the recording method
described 1n the seventh embodiment.

FIG. 13 shows a graph 1llustrating relative signal outputs
concerning the four states determined by the combination of
magnetization states of two magnetic layers of the magneto-
optical disk obtained in the third embodiment. FIG. 13 (a)
shows recorded magnetization states on the two magnetic
layers, FIG. 13 (b) shows relative signal outputs from the
four states when reproduction 1s performed by using a
reproducing light beam at A,=443 nm, and FIG. 13 (¢) shows
relative signal outputs from the four states when reproduc-

tion 1s performed by using a reproducing light beam at
h,=780 nm.

FIG. 14 shows a process of reproduction of information
recorded on the first and second magnetic layers in the
reproduction method described 1n the fourth embodiment.
FIG. 14 (a) shows two-valued information recorded on the
first and second magnetic layers, FIG. 14 (b) shows record-
ing domains, FIG. 14 (¢) shows magnetization states and
two-valued information recorded on the first and second
magnetic layers, FIG. 14 (d) shows a signal reproduced by
using a reproducing light beam at A,=780 nm, FIG. 14 (¢)
shows a signal reproduced by using a reproducing light
beam at A,=443 nm, FIG. 14 (f) shows a two-valued signal
obtained by slicing the signal shown in FIG. 14 (d) with S1,
FIG. 14 (g) shows a two-valued signal obtained by slicing
the signal shown in FIG. 14 (d) with S2, FIG. 14 (&) shows
a two-valued signal obtained by slicing the signal shown 1n
FIG. 14 (e¢) with S3, and FIG. 14 (i) shows a two-valued
signal obtained by calculation in accordance with (g)—(/%)+
().

FIG. 15 shows a process of reproduction of information
recorded on the first and second magnetic layers 1n the
reproduction method described i1n the sixth embodiment.
FIG. 15 (a) shows two-valued information recorded on the
first and second magnetic layers, FIG. 15 (b) shows record-
ing domains, FIG. 15 (¢) shows magnetization states and
two-valued information recorded on the first and second
magnetic layers, FIG. 15 (d) shows a signal reproduced by
using a reproducing light beam at A,=780 nm, FIG. 15 (¢)
shows a signal reproduced by using a reproducing light
beam at 1,443 nm, FIG. 15 (f) shows a two-valued signal
obtained by slicing the signal shown in FIG. 15 (d) with S1,
FIG. 15 (g) shows a two-valued signal obtained by inverting
the signal shown in FIG. 15 (f), and FIG. 1§ (%) shows a

two-valued signal obtained by slicing the signal shown in
FIG. 15 (e) with S2.

FIG. 16 shows a process of reproduction of a four-valued
signal by using a reproducing light beam at a single wave-
length. FIG. 16 (a) and (b) show the four-valued recording
signal, FIG. 16 (c¢) shows a recording domain array, and FIG.
16 (d) shows a reproduced signal.

FIG. 17 shows magnetic characteristics of respective
recording layers of the magneto-optical recording medium
of the present invention, and the recording principle thereon.
FIG. 17 (a) shows the signal level with respect to the
external magnetic field concerning a magnetic layer (second
recording layer) to which an auxiliary magnetic layer is
added, and FIG. 17 (b) shows the signal level with respect
to the external magnetic field concerning a first recording
layer.

FIG. 18 conceptually shows a cross-sectional structure of
a magneto-optical disk of the present invention produced 1n
an eighth embodiment.
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FIG. 19 shows a graph 1llustrating the change of the Kerr
rotation angle depending on the measuring wavelength
concerning a rare earth metal-transition metal alloy film and
a garnet f1lm used for magnetic layers of the magneto-optical
disk produced in the eighth embodiment.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments of the magneto-optical recording medium
of the present invention and the method for recording and
reproduction thereon will be explained 1n detail below with
reference to the drawings.

First Embodiment

(First Embodiment of Magneto-optical Recording
Medium)

In this embodiment, a magneto-optical disk having two
magnetic layers was produced, 1n which four-valued record-
ing of “07, “17, “27, “3” and reproduction thercol were
possible on the basis of a magnitude of a magnetic field
applied 1n accordance with the magnetic field modulation
system. At first, a transparent substrate made of polycarbon-
ate including a guide groove and a preformat signal formed
thereon was produced by installing a stamper to an 1njection
molding machine, and immjection-molding a polycarbonate
material. Respective layers were stacked on the obtained
polycarbonate substrate by using a continuous sputtering,
apparatus provided with a plurality of sputtering film for-
mation chambers. An argon gas or an argon/nitrogen mixed
cgas was used as an atmosphere gas for sputtering. The
substrate was placed 1n a first {ilm formation chamber. A first
dielectric layer composed of SiN having a refractive index
of 2.1 was formed as a {ilm having a thickness of 100 nm on
the substrate by using SiN as a sputtering target, and using
an Ar/N, mixed gas having a partial pressure of N, of 10%
as a sputtering gas at a pressure of 0.3 Pa. Next, the substrate
was transported to a second film formation chamber. A first
magnetic layer having a composition of Tb,,Fe . ,Co,, was
formed as a film having a thickness of 15 nm under an Ar gas
pressure of 0.3 Pa by using a TbFeCo alloy as a target. Next,
the substrate was transferred to a third film formation
chamber. A second dielectric layer composed of SiN having
a thickness of 10 nm on the magnetic layer was obtained by
forming a film of SiN under the same sputtering condition as
that used in the formation of the first dielectric layer. Next,
in a fourth film formation chamber, a second magnetic layer
having a composition of Tb,,Fe.,Co,, was formed as a film
having a thickness of 35 nm under an Ar gas pressure of 0.3
Pa by using a TbFeCo alloy as a target again. The substrate
was transported to a fifth film formation chamber. An
auxiliary magnetic layer composed ot Pt,,Co,, was tormed
as a film having a thickness of 50 nm by using a PtCo alloy
as a sputtering target, and using an Ar gas as a sputtering gas
at a pressure of 0.3 Pa. In a sixth film formation chamber, a
third dielectric layer composed of S1 having a thickness of
100 nm on the magnetic layer was obtained by forming a
f1lm of SiN under the same sputtering condition as that used
in the formation of the first dielectric layer. The stacked
polycarbonate substrate was taken out of the sputtering
apparatus. A UV-curable protective resin was spin-coated on
the uppermost layer of the substrate to form a protective

film.

As shown 1 FIG. 1, the magneto-optical disk thus
obtained had a structure comprising the polycarbonate sub-
strate 1 on which the first dielectric layer 2 composed of SiN,
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the first magnetic layer 3 composed of Tb,,.Fe..Co,,, the
second dielectric layer 4 composed of SiN, the second
magnetic layer, § composed of Tb,,Fe.,Co,,, the auxiliary
magnetic layer 6 composed of Pt,,Co,,, the third dielectric
layer 7 composed of SiN, and the UV-curable protective
resin 8 were stacked. FIG. 1 conceptually shows optical
paths of two laser beams having two different wavelengths
,, and A, respectively radiated through a collective lens 10
upon reproduction.

In the obtained magneto-optical disk, the first magnetic
layer had a TM-rich composition having a Curie temperature
Tc of 230° C., and the second magnetic layer had a RE-rich
composition having a Curie temperature Tc of 220° C. Both
of the second and third dielectric layers had a refractive
index of 2.1 which was the same as that of the first dielectric
layer.

The magneto-optical disk described above conforms a
structure of a magneto-optical recording medium described

by the present inventors in Japanese Patent Application
laid-open No. 8-129,784 and K. Shimazaki, M. Yoshihiro,

0. Ishizaki, S. Ohnuki, and N. Ohta, “Magnetic multi-valued
magneto-optical disk”, Magneto-Optical Recording Int.
Symp.1994, Post Dead Line Paper Technical Digest, No.27-
S-01,p.4, 1994; Optical Data Storage, Technical Digest,
pp.59-60, 1994. The structure of a magneto-optical record-
ing medium of this type will be briefly explained below with
reference to FIG. 17, 1n relation to the principle of multi-
valued recording and reproduction. The magneto-optical
recording medium shown in FIG. 17, which basically has a
structure equivalent to that of the magneto-optical recording
medium shown 1n FIG. 1, has at least two or more magnetic
layers 3, 5 stacked on a substrate 1. At least one of the
magnetic layers 1s formed by using a magneto-optical
recording film 1 which recording states lie in two or more
different magnetic field regions with respect to external
magnetic fields to be applied. The other magnetic layer or
layers are formed by using a magneto-optical recording film
in which at least one or more recording states lie in magnetic
field region or regions different from those for the afore-
mentioned magnetic layer.

A second recording layer comprises the amorphous ver-
tically magnetizable film 5 to which an auxiliary magnetic
layer 6 provided adjacent thereto 1s added, the amorphous
vertically magnetizable film § comprising an amorphous
alloy of a rare earth metal-transition metal system 1 which
the sub-lattice magnetic moment of rare earth metal 1s
dominant 1n a temperature range from room temperature to
Curie temperature, or 1n a temperature range from room
temperature to a maximum achievable temperature upon
recording or erasing.

As for the auxiliary magnetic layer 6, the vertical mag-
netic anisotropic energy 1s equal to or smaller than that of
form anisotropy depending on its composition. Accordingly,
the magnetization can be directed to an intra-plane direction
(direction parallel to a film plane of the auxiliary magnetic
layer 6) before application of an external magnetic field.
When the auxiliary magnetic layer 6 thus adjusted 1s heated
to a temperature 1n the vicinity of the Curie temperature, and
an external magnetic field 1s applied thereto, then the direc-
tfion of magnetization 1s raised from the intra-plane direction
to generate a magnetic moment component 1n a direction of
the external magnetic field, exerting a communication cou-
pling force on the magnetic moment of transition metal 1n
the amorphous vertically magnetizable layer 5 stacked in
contact with the auxiliary magnetic layer 6. Therefore, the
second recording layer, which 1s constructed by stacking the
amorphous vertically magnetizable layer § and the auxiliary
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magnetic layer 6, provides two peaks for the change 1n
recording signal level with respect to the external magnetic

field as shown in FIG. 17 (a).

The first recording layer 3 i1s constructed by using a
magneto-optical recording film in which at least one or more
recording states lie 1n magnetic field region or regions
different from those for the second recording layer (S, 6).
Theretfore, the first recording layer can be constructed by
using only one magnetic film 1n which one recording state
lies 1n a magnetic field region different from those for the
second recording layer (8, 6) as shown in FIG. 17 (b).
Alternatively, the first recording layer to be used may be one
comprising the same types of an amorphous vertically
magnetizable film and an auxiliary magnetic film as those of
the second recording layer (8, 6), in which two recording
states lie 1n magnetic field regions different from those for
the second recording layer (8§, 6).

Magnetization states as shown in FIG. 3 (@) and FIG. 6 (a)
can be formed 1n conformity with an external magnetic field
to be applied during recording on the basis of a recording
method described in the fourth embodiment by using the
magneto-optical recording medium constructed to have the
recording magnetic field characteristic as described above.

The magneto-optical disk obtained in this embodiment 1s
applicable to a reproducing method described later on, 1n
which multi-valued information can be reproduced by using,
two light beams having different wavelengths of A,=443 nm
and ,=780 nm. By using the reproduction principle as
explained 1n the section of the explanation for the method for
recording and reproduction according to the first aspect of
the present invention, a reproduction signal 1s separated 1nto
two-valued (binary) values concerning states “0” or “1” and
“2” or “3” with a reproducing light beam at A, and two
two-valued signal arrays concerning “0” or “3” and “1” and
“2” are obtained with a reproducing light beam at A,. After
that, these two-valued signals are subjected to logical
operation, and thus recorded four-valued information can be
reproduced at a high S/N ratio.

FIG. 7 shows a Kerr hysteresis curve which illustrates the
change of the Kerr rotation angle with respect to the inten-
sity of an external magnetic field applied to the recording
f1lm of the magneto-optical disk. In FIG. 7, the wavelength
of a light beam used for the measurement 1s A,=443 nm.
Kerr rotation angles for the respective states of “07, “17, <27,
“3” when the external magnetic field 1s zero indicate appar-
ent remaining Kerr rotation angles. Signals corresponding to
the remaining Kerr rotation angles are obtained upon repro-
duction. The curve, which expresses the magnitude of the
Kerr rotation angle in each of the magnetization states with
respect to the reproducing wavelength in FIG. 2 used to
explain the principle of the reproducing method, 1s depicted
by preparing Kerr hysteresis curves as shown i FIG. 7 with
reproducing light beams having various wavelengths, and
using obtained data therefrom.

Second Embodiment

(Second Embodiment of Magneto-optical
Recording Medium)

In this embodiment, a magneto-optical disk was produced
in the same manner as described in the first embodiment
except that the first dielectric layer composed of SiN had a
thickness of 60 nm, the first magnetic layer composed of
Tb,,Fe.,Co,, had a thickness of 7 nm, the second dielectric
layer composed of SiN had a thickness of 7 nm, and the
second magnetic layer composed of Tb;,Fe.,Co,, had a

10

15

20

25

30

35

40

45

50

55

60

65

16

thickness of 40 nm so that the state of multiple interference
was adjusted. The refractive index of SiN was controlled to
be 2.25 by allowing N, 1n the Ar/N, mixed gas to have a
partial pressure of 5% during sputtering for the SiN layer. A
cross-sectional structure of the obtained magneto-optical

disk 1s shown 1n FIG. 4.

The magneto-optical disk obtained 1n this embodiment 1s
applicable to the reproducing method described later on
(fifth embodiment) so that information can be reproduced
independently from each of the magnetic layers by using
two light beams having different wavelengths. By using the
reproduction principle as explained in the section of the
explanation for the method for recording and reproduction
according to the second aspect of the present invention, it 1s
possible to mndependently reproduce a two-valued magneti-
zation state of the first magnetic layer by employing a
reproducing light beam at A,=443 nm, and a two-valued
magnetization state of the second magnetic layer by employ-
ing a reproducing light beam at A,=780 nm respectively.

Third Embodiment

(Third Embodiment of Magneto-optical Recording
Medium)

A magneto-optical disk was produced 1n the same manner
as the magneto-optical disk described 1n the second embodi-
ment except that the magnetic layer composed of
Tb,,Fe.,Co,, having the RE-rich composition used 1n the
second embodiment was used for both of the first and second
magnetic layers. A four-valued sample signal was recorded
on this magneto-optical disk by applying a magnetic field
having four levels of intensities. FIGS. 13 (b) and (c¢) show
relationships among the relative reproduction output, the
external magnetic field intensity, and the recorded magne-
tization states upon reproduction performed at A,=443 nm
and A,=780 nm respectively. In the case of reproduction by
using a reproducing light beam at A,=780 nm, the signal
amplitude decreases 1n an order of the states “37, “17, “27,
“0”. However, 1n the case of reproduction by using a
reproducing light beam at A,=443 nm, the signal amplitude
decreases 1n an order of the states “3”, “27, “17, “0”. Such
a difference m the order of magnitudes of reproduction
signals between the states makes 1t possible to carry out the
methods for recording and reproduction as described 1n the
sixth and seventh embodiments.

Fourth Embodiment

(First Method for Recording on Magneto-optical
Recording Medium)

In this embodiment, a four-valued signal was recorded 1n
accordance with magnetic field modulation on the magneto-
optical disk obtained 1n the first embodiment by applying an
external magnetic field modulated 1nto four levels 1n con-
formity with the recording signal while the magneto-optical
disk was 1rradiated with a recording laser beam modulated
into a pulse form at a clock period. At first, the magneto-
optical disk shown i FIG. 1 was installed to a medium
driving unit such as a turn table. An optical head was
disposed on a side of the substrate 1, and a magnetic head
was disposed on a side of the protective film 7. The medium
driving unit was started up. The magneto-optical disk was
rotated at a linear velocity of 7.54 m/s with respect to the
optical head and the magnetic head, and the optical head and
the magnetic head were positioned for a predetermined track
subjected to recording. After that, a recording signal as
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shown 1n FIG. 8 (a) was recorded. A light beam at A=780 nm
radiated from a semiconductor laser was used as a recording
laser beam, and the recording power was adjusted to be 9.5
mW to perform recording. 2-Bit signals shown in upper and
lower rows 1n FIG. 8 (a) indicate signals to be recorded on
the first and second magnetic layers of the magneto-optical
disk respectively. Four-valued information was recorded by
using a combination of the signals depicted 1n the upper and
lower rows in FIG. 8 (a). Every one piece of information on
the two rows was combined one by one to provide one signal
array as shown in FIG. 8 (b). This signal array was subjected
fo processing 1n accordance with timing charts shown 1in
FIG. 8 (¢) to obtain a signal array as shown in the lowermost
row 1n FIG. 8 (¢). The obtained signal was inputted into the
magnetic head 1n synchronization with a recording clock.
Thus four levels of magnetic fields of H, to H; as shown 1n
FIG. 8 (d) were applied from the magnetic head to the
magneto-optical disk. After switching the external magnetic
field 1into a predetermined value, a light pulse as shown in
FIG. 8 (e) was radiated from the optical head so that a light
pulse-1rradiated portion of each of the magnetic layers was
heated to a temperature at which magnetization could be
inverted by the external magnetic field. As a result of the
operation as described above, four magnetization states
based on the combination of magnetization states of the first
and second magnetic layers were formed on each of the light
pulse-irradiated portions in conformity with the magnitude
of the external magnetic field. A pattern of formed magnetic
domains 1s shown in FIG. 8 (f). The four magnetization
states are distinguished by motifs affixed to circular marks.
Recording based on the four magnetization states can be also
performed on the magneto-optical recording media obtained
in the second and third embodiment 1n accordance with the
same operation as described above.

Signal modulation for the magnetic field intensity can be
performed by using a system and a signal modulation circuit
described 1n Japanese Patent Application Laid-Open No.
8-129,784 described above. Namely, 1n the signal modula-
fion circuit, the recording signal i1s separated i1nto even
number bit and odd number bit, followed by waveform
processing such as timing adjustment and adjustment for
pulse length. After that, the even number bit and the odd
number bit are amplified by using amplifiers having different
gains respectively, and obtained results are added.
Subsequently, the added signal 1s subjected to voltage-
current conversion by using a magnetic head driving circuit.
Thus the external magnetic field 1s applied from the mag-
netic head. Alternatively, another signal modulation circuit
may be used. Namely, the recording signal 1n separated into
even number bit and odd number bit, followed by wavetform
processing such as timing adjustment and adjustment for
pulse length. After that, the even number bit and the odd
number bit are amplified by using amplifiers having an
identical gain respectively. Subsequently, each of the ampli-
fied signals 1s subjected to voltage-current conversion by
using different magnetic head driving circuits. Thus the
external magnetic field 1s applied from a magnetic head
having a plurality of coils. It 1s of course possible to use
other magnetic field generating units such as an electromag-
netic coil instead of the magnetic head. Further alternatively,
two magnetic heads each having one coil are closely
arranged so that the external magnetic field is applied from
cach of the magnetic heads.

In the signal recording 1n accordance with the magnetic
field intensity modulation system described above, the laser
beam may be radiated at a constant intensity, or it may be
radiated periodically or in a pulse form.
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Fifth Embodiment

(First Method for Reproduction on Magneto-optical
Recording Medium)

Next, a method for reproduction on the magneto-optical
disk subjected to the four-valued recording in the fourth
embodiment will be explained. FIG. 16 schematically shows
a signal recorded on a magneto-optical recording medium
having two magnetic layers disclosed by the present appli-
cant 1n Japanese Patent Application laid-open No. 8-129,784
and K. Shimazaki, M. Yoshihiro, O. Ishizaki, S. Ohnuki, and
N. Ohta, “Magnetic multi-valued magneto-optical disk”,
Magneto-Optical Recording Int. Symp.1994, Post Dead
Line Paper Technical Digest, No.27-S-01,p.4, 1994; Optical
Data Storage, Technical Digest, pp.59-60, 1994, and a
reproduction system therefor. In this system, an array of a
four-valued recording signal as shown in FIG. 16 () and (b)
1s recorded 1n accordance with the recording method as
described above to form recording magnetic domains dis-
tinguished by four of motifs as shown in FIG. 16 (¢). In this
technique, a combination of a stacking structure of the
medium and a wavelength of a laser beam 1s selected so that
the spacing between magnitudes of Kerr rotation angles
corresponding to four magnetization states 1s equalized.
When information i1s reproduced from the recording
medium, an apparent Kerr rotation angle corresponding to a
combination of magnetization of the two magnetic layers 1s
detected. A detected signal 1s sliced by using levels of S1 to
S3 to obtain three two-valued signals. The four-valued
recorded signal 1s reproduced from the obtained two-valued
signals. In this method, the maximum amplitude of the
reproduction signal 1s equally divided into three to make
distribution of regions for the respective signal levels.
Accordingly, the S/N ratio 1s low. In the present invention,
the S/N ratio as obtained in the preceding technique
described above 1s improved by performing reproduction by
using the magneto-optical recording medium of the present
invention, and using laser beams having different wave-
lengths.

An example, mm which four-valued information recorded
on the magneto-optical disk of the present invention
obtained 1n the first embodiment was reproduced, will be
explamed with reference to FIG. 14. Two-valued informa-
tion composed of two series as illustrated in FIG. 14 (a) was
recorded 1n accordance with the recording method described
in the fourth embodiment. Information illustrated on the first
row in FIG. 14 (a) was recorded on the second magnetic
layer. Information 1llustrated on the second row in FIG. 14
(a) was recorded on the first magnetic layer. Magnetization
states of the respective magnetic layers subjected to record-
ing are shown in FIG. 14 (¢), and recording marks corre-
sponding to these states are shown in FIG. 14 (b). The
magneto-optical disk on which such information was
recorded was subjected to reproduction by using two laser
beams having different wavelengths of A,=443 nm and
=780 nm. An He-Cd laser was used as a laser source for
the wavelength 4., and a semiconductor laser was used as a
laser source for the wavelength A,. This recording medium
has a signal output characteristic corresponding to each of
the magnetization states as shown in FIG. 3 (b) with respect
to the reproducing wavelength of A,=443 nm. On the other
hand, 1t has a signal output characteristic corresponding to
each of the magnetization states as shown in FIG. 3 (¢) with
respect to the reproducing wavelength of A,=780 nm. FIG.
2 shows dependency of the apparent Kerr angle (relative
signal output) on the reproducing wavelength in a range of
wavelength of 443 nm to about 900 nm. A reproduction
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signal reproduced from this recording medium by using the
reproducing light beam at A,=780 nm 1s shown 1n FIG. 14
(d). It 1s assumed that the output level of the reproduction
signal from a magnetization state (1) 1s 0, and the output
level of the reproduction signal from a state (| 1) is 6. The
reproduction outputs from states (1 1) and (| | ) are approxi-
mately at a level 3 which generally divides the spacing
between the levels 0 and 6 mto two. The spacing between the
levels 6 and 3 corresponds to the difference A in the apparent
Kerr rotation angle 1n FIG. 2, and the spacing between the
reproduction output levels 0 and 3 corresponds to the
difference B 1n the apparent Kerr rotation angle in FIG. 2.
Namely, it 1s recognizable that the three states can be
distinguished by the relatively large difference in signal
amplitude by using the reproducing light beam at A,=780
nm. An output for the reproducing light beam at A,=443 nm
is shown in FIG. 14 (e). As for levels detected from the four
magnetization states, it 1s assumed that the state (| 1) is at a
level 4, and the state (1) 1s at a level 0. The output level of
the reproduction signal from the state (| |) is extremely
close to the level of the state (| 1). The output level of the
reproduction signal from the state (1 1) is extremely close to
the O level reproduced from the state (7). The difference
between the reproduction output levels of 0 and 4 corre-
sponds to the difference C 1n the apparent Kerr rotation angle
in FIG. 2. Therefore, 1t 1s recognizable that the two states can
be distinguished by the large difference 1n signal amplitude
by using the output for the reproducing light beam at \,=443
nm.

Next, the reproduction signal obtained by using the repro-
ducing light beam at A,=780 nm 1s sliced by using slice
levels of S1 and S2 as shown in FIG. 14 (d). Thus two-
valued signal series (designated as (1) and (2) respectively)
as shown in FIG. 14 (f) and (g) are obtained. The reproduc-
tfion signal obtained by using the reproducing light beam at
»,=443 nm 1s sliced by using a slice level of S3 as shown 1n
FIG. 14 (¢). Thus a two-valued signal array (designated as
(3)) as shown in FIG. 14 () 1s obtained. A logical operation
for the signal series (2)—(3)+(1) is performed to obtain a
two-valued signal array which 1s inverted to obtain a signal
array as shown in FIG. 14 (i). Thus the recorded signal array
on the first row can be reproduced. The recorded signal array
on the second row can be reproduced by the signal array
shown in FIG. 14 (%), namely the signal array of (3) itself.
Therefore, the recorded signals on the first and second rows
can be separated, and the four-valued signal composed of the
two-valued signals represented by the two arrays can be
reproduced at a more excellent S/N ratio as well.

In the embodiment described above, an 1dentical position
on the track on the magneto-optical disk 1s irradiated waith
the two reproducing laser beams having the different wave-
lengths. However, radiation may be performed so that dif-
ferent light-collecting positions are provided for the two
laser beams. Such a procedure may be dealt with by adjust-
ing a reproducing circuit so that the difference 1n time caused
by a distance between two laser spots 1s compensated.

Sixth Embodiment

(Second Method for Reproduction on Magneto-
optical Recording Medium)

In this embodiment, a reproducing method different from
the reproducing method described 1n the fifth embodiment
will be explained. The magneto-optical disk produced 1n the
second embodiment was used as a recording medium. As
shown 1n FIG. 5, the magneto-optical disk produced 1n the
second embodiment has the following magneto-optical char-
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acteristic. Namely, a curve, which represents variation 1n the
apparent Kerr rotation angle with respect to the wavelength
as detected from one combined magnetization state
(determined by two magnetic layers), intersects a curve
which represents variation in the apparent Kerr rotation
angle with respect to the wavelength as detected from
another combined magnetization state, 1n a range between
two reproducing wavelengths A, and A.,. At first, two series
of two-valued information as shown in upper and lower
rows 1n FIG. 15 (a) were recorded in accordance with the
same method as the recording method used in the first
embodiment. Recorded domains are shown in FIG. 15 (b).
Each of the domains 1s distinguished by motifs afixed to
circular marks 1n conformity with the difference in the
combined magnetization state between the two magnetic
layers. FIG. 15 (c¢) shows two-valued signals and magneti-
zation states recorded on each of the magnetic layers. The
two-valued signals recorded on the two layers as described
above were reproduced by using two laser beams having
different wavelengths of A,=443 nm and A,=780 nm. FIG.
15 (d) shows a signal waveform obtained by reproduction
with the reproducing light beam at A,=780 nm. FIG. 15 (¢)
shows a signal waveform obtained by reproduction with the
reproducing light beam at A,=443 nm.

The reproduction output level with respect to the combi-
nation of each of the magnetization states greatly ditfers
owing to the use of the two reproducing wavelengths A, and
), because of the following reason. Namely, as understood
from the curves 1llustrating the change 1n the apparent Kerr
rotation angle with respect to the reproducing wavelength
shown 1 FIG. §, the four states “} 17, “117, {17, “11”
determined by the combination of magnetization states of
the first and second magnetic layers involve greatly different
magnitudes of the Kerr rotation angle and its order at the
wavelengths 780 nm and 443 nm. A two-valued signal(1) as
shown in FIG. 15 (f) is obtained by slicing a signal repro-
duced with the reproducing light beam at A,=780 nm shown
in FIG. 15 (d), by using a level S1 at which the maximum
signal intensity 1s divided into two. Further, a two-valued
signal(1) shown in FIG. 15 (g) 1s obtained by inverting a
signal waveform of the obtained two-valued signal. It 1s
understood that the two-valued signal(1) shown in FIG. 15
(g) is the same as the two-valued signal recorded on the
second magnetic layer. On the other hand, a two-valued
signal(2) as shown in FIG. 15 (%) 1s obtained by slicing a
signal reproduced with the reproducing light beam at
A,=443 nm shown in FIG. 15 (e), by using a level S2 at
which the maximum signal mtensity 1s divided into two. It
1s understood that the two-valued signal shown 1n FIG. 1§
(/1) 1s the same as the two-valued signal recorded on the first
magnetic layer. Therefore, 1t 1s understood that the two-
valued information recorded on the first magnetic layer can
be reproduced by performing reproduction on the magneto-
optical disk by using the wavelength A,=443 nm, and the
two-valued mformation recorded on the second magnetic
layer can be reproduced by performing reproduction on the
magneto-optical disk by using the wavelength A,=780 nm.
This reproduction process 1s based on the following prin-
ciple. Namely, as explained 1n the principle of the method
for recording and reproduction according to the second
embodiment of the present invention, the two states of “| 1~
and “| |~ can be distinguished from the two states of “{ 1~
and “7|” by slicing the reproduction signal at the interme-
diate level of the reproduction signal output at i,=443 nm,
and the same signal as the signal obtained by two-valued
representation of the magnetization state of the first mag-

netic layer 1s obtained by two-valued representation of the
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two sets of the states. Further, the two states of “| 1~ and
“11” can be distinguished from the two states of “| |~ and
“1)7 by slicing the reproduction signal at the intermediate
level of the reproduction signal output at A,=780 nm, and the
same signal as the signal obtained by inverting the two-
valued signal of the magnetization state of the second
magnetic layer 1s obtained by two-valued representation of
the difference between the two sets of the states.
Accordingly, pieces of information recorded on a plurality of
magnetic layers can be independently reproduced by using
the reproduction method described 1 this embodiment. In
addition, a four-valued signal obtained from two two-valued
input signal series can be also reproduced at a high S/N ratio
in the same manner as described in the fifth embodiment.

Seventh Embodiment

(Second Method for Recording on Magneto-optical
Recording Medium)

In this embodiment, an example will be explained, in
which a recording method on a magneto-optical recording,
medium different from the recording method used in the
fourth embodiment was carried out. In this recording
method, information on any one of the first and second
magnetic layers 1s rewritten 1n a virtual manner. In a
recording system 1n which recording 1s performed by raising
the temperature by collecting a laser bean with respect to
stacked thin film-shaped magnetic layers included in an
optical recording medium, 1t 1s extremely difficult to selec-
fively raise the temperature of only one layer up to a
temperature capable of recording. For this purpose, for
example, an artifice 1s required to relatively increase the
distance between two layers so that focal positions for a laser
beam spot are deviated. However, such an artifice 1s
extremely ditficult to be carried out because of difficulty to
achieve a thermal condition. Thus the present invention
proposes the following method. Namely, information on a
magnetic layer (for example, first magnetic layer) not sub-
jected to rewriting of mformation 1s previously reproduced
and stored. Upon rewriting of information, both of the first
and second magnetic layers are heated to a recording tem-
perature (Curie temperature) by using a single laser beam so
that the read information 1s recorded on the first magnetic
layer again, and new mnformation 1s recorded on the second
magnetic layer subjected to rewriting. According to this
method, apparently the information on the first magnetic
layer remains as 1t 1s, and only information on the second
magnetic layer 1s rewritten into the new information. Thus
only one of the magnetic layers 1s subjected to rewriting.

Next, a specified method will be explained with reference
to FIGS. 9 and 10. The magneto-optical disk produced 1n the
seccond embodiment was used as a recording medium.
Accordingly, when the magneto-optical disk 1s operated in
accordance with the reproduction method as explained 1n the
aforementioned sixth embodiment, then information on the
first magnetic layer can be reproduced by using the repro-
ducing light beam having the wavelength A ,=443 nm, and
information on the second magnetic layer can be reproduced
by using the reproducing light beam having the wavelength
»-=780 nm on the recording medium. Two laser sources as
shown 1n FIG. 9 were used upon recording of information,
and two laser beams were collected so that they were
deviated from each other at frontward and backward posi-
fions 1n a direction along a recording track. Namely, the laser
beam at A,=443 nm was allowed to precede the laser beam
at A,=780 nm 1n order to make scanning on the disk. The
laser beam at A,=443 nm was used as a light source for
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reproduction, and the laser beam at A,=780 nm was used as
a light source for recording. It 1s assumed that magnetization
arrays as shown in FIG. 10 (b) are firstly recorded on the two
magnetic layers of the magneto-optical disk. Domains cor-
responding to the magnetization arrays are shown in FIG. 10
(a). The magneto-optical disk having the domains as
described above 1s irradiated with the laser beam at A, and
a two-valued signal(2) (second row in FIG. 10 (c)) is
reproduced by detecting a reflected light beam from the disk.
The reproduced two-valued signal 1s temporarily stored 1n
an external memory. The reproduced signal obtained by
using the reproducing light beam at A, corresponds to
information on the first magnetic layer. In the next step, the
reproduced signal(2) is combined with a two-valued signal
(1) subjected to rewriting on the second magnetic layer
(uppermost row in FIG. 10 (¢)) to obtain a signal(3) (third
row in FIG. 10 (c¢)) so that a modulated waveform of an
external magnetic field to be applied is formed (FIG. 10 (d)).
When a position of information, at which reproduction has
been performed by using the reproducing light beam at A,
1s encompassed by the light spot at A, both of the first and
second magnetic layers are heated to a temperature capable
of recording. The external magnetic field in conformity with
the combined recording signal described above 1s applied to
perform recording on the both magnetic layers. FIG. 10 (¢)
shows magnetization states of the respective magnetic layers
subjected to recording, and two-valued signals recorded
thereon. According to the recording method as described
above, mformation on the first magnetic layer 1s recorded
again as 1t 1s as original information, and new information 1s
recorded only on the second magnetic layer. The spacing
distance between the reproducing light spot at A, and the
recording light spot at A, 1s adjusted to be a length more
suitable for performance of a temporarily storing circuit for
reproduced 1nformation and a magnetic field modulating
circuit. As for the positions of the spots of the two irradiating
beams, they may be located at frontward and backward
positions on an 1dentical track as shown in FIG. 11.
Alternatively, they may be located on adjacent recording
tracks as shown 1n FIG. 12 so that reproduced information
obtained by using the wavelength A, 1s temporarily stored in
a memory during a period 1n which a recording light beam

spot at the wavelength A, circulates the track.

In the recording method described above, only the infor-
mation on the second magnetic layer 1s rewritten. However,
when only the information on the first magnetic layer 1s
rewritten, rewriting of the information on the first magnetic
layer can be executed by using the laser beam at the
wavelength A, and the laser beam at the wavelength A, as a
reproducing light beam and a recording light beam respec-
fively to make scanning so that the laser spot at the wave-
length )., precedes the laser spot at the wavelength A, .

In the sixth and seventh embodiment described above,
recording and reproduction are performed by using the
magneto-optical disk obtained 1n the second embodiment.
However, 1t 1s also allowable to use the magneto-optical disk
obtained 1n the third embodiment. When the magneto-
optical disk obtained in the first embodiment 1s used, it 1s
impossible to reproduce information on one of the magnetic
layers by using only the reproducing light beam having one
of the wavelengths. Accordingly, information on both of the
layers 1s once reproduced by using the reproducing light
beams having the wavelengths A, and A.,. Only information
on one of the magnetic layers 1s stored, which 1s combined
with 1nformation to be recorded on the other magnetic layer,
followed by recording by using the recording light beam.
Thus it 1s possible to execute a recording method 1n which
only one of the layers 1s subjected to rewriting.
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Eighth Embodiment

(Fourth Embodiment of Magneto-optical Recording
Medium)

In the aforementioned embodiments, the rare earth metal-
transition metal alloy comprising the same components
(TeFeCo) has been used for the first and second magnetic
layers. On the contrary, this embodiment exemplifies a
magneto-optical recording medium produced by using dif-
ferent materials for the first and second magnetic layers. The
magneto-optical recording medium of the present mvention
conforms to a structure of a magneto-optical recording
medium described 1n Japanese Patent Application laid-open
No. 8-129,784 and K. Shimazaki, M. Yoshihiro, O. Ishizaki,
S. Ohnuki, and N. Ohta, “Magnetic multi-valued magneto-
optical disk”, Magneto-Optical Recording Int. Symp.1994,
Post Dead Line Paper Technical Digest, No.27-S-01,p.4,
1994; Optical Data Storage, Technical Digest, pp.59—60,
1994, proposed by the present inventors. This magneto-
optical recording medium includes at least two or more
stacked magnetic layers. Of the respective magnetic layers,
at least one magnetic layer 1s formed of a magneto-optical
recording {1lm 1n which recording states exist in two or more
different magnetic field regions with respect to an applied
external magnetic field, and the other magnetic layer or
layers are formed of a magneto-optical recording film 1in
which at least one or more recording states exist in magnetic
field regions different from those for the aforementioned

magnetic layer. As described 1n Japanese Patent Application
laid-open No. 8-129,794 and K. Shimazaki, M. Yoshihiro,

0. Ishizaki, S. Ohnuki, and N. Ohta, “Magnetic multi-valued
magneto-optical disk”, Magneto-Optical Recording Int.
Symp.1994, Post Dead Line Paper Technical Digest, No.27-
S-01,p.4, 1994; Optical Data Storage, Technical Digest,
pp.59-60, 1994, materials for the magnetic layer applicable
to the medium include, for example, oxide magnetic sub-
stances such as garnet and ferrite, alternately stacked mate-
rials composed of noble metal such as Pt and Pd and
transition metal such as Fe and Co and/or rare earth metal
such as Tb and Gd, Heuslar alloys such as PtMnSb, and
other materials having a large magneto-optical effect and
usable to form a thin film such as MnBi1. A specified example
of the medium constructed as described above will now be
explained.

When a mulfi-layered recording medium, obtained by
forming multiple layers by using only a rare earth metal-
transition metal alloy, 1s subjected to reproduction by using
a plurality of laser beams having different wavelengths so
that pieces of information on respective recording layers are
distinguished, then the mutual difference 1n the Kerr rotation
angle between respective recording magnetization states
with respect to the respective reproducing wavelength 1s
generated by only a condition of optical multiple
interference, because of the following reason. Namely, since
materials of the same type are used for the recording layers,
the materials themselves do not provide a large change for
their tendency of change in the Kerr rotation angle with
respect to the reproducing wavelength. Accordingly, 1n order
to 1ncrease the difference 1 the Kerr rotation angle between
respective recording magnetization states with respect to the
reproducing wavelength and enhance the S/N ratio of repro-
duction signals, stacked layers comprising different record-
ing materials have been applied to the multi-layered record-
ing according to the present invention.

FIG. 18 shows an example in which a garnet film 1s used
as a recording material for a first magnetic layer (recording
layer), and a rare earth metal-transition metal alloy is used
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as a recording material for a second magnetic layer
(recording layer). FIG. 19 shows the change in the Kerr
rotation angle of thin films made of the respective recording
materials with respect to the measuring wavelength. As for
the rare earth metal-transition metal alloy, for example,
TeFeCo, the Kerr rotation angle gradually decreases as the
measuring wavelength becomes short as shown in FIG. 19.
On the other hand, 1n the case of garnet, in general, the Kerr
rotation angle remarkably changes depending on the change
in wavelength, as compared with the rare earth metal-
transition metal alloy. As shown 1n FIG. 19, garnet provides
an extremely small Kerr rotation angle at a wavelength 1n a
range of about 600 nm to 800 nm. However, at a wavelength
in a range of about 400 nm to 450 nm, the Kerr rotation
angle quickly increases, exhibiting a value of not less than
2 degrees at 1ts maximum. Namely, when the medium
having the stacked structure as shown in FIG. 18 1s subjected
to reproduction by using two laser beams having a wave-
length 1n the range of about 600 nm to 800 nm and a
wavelength 1n the range of about 400 nm to 450 nm, then the
cgarnet thin film does not contribute to the Kerr rotation at a
wavelength 1n the range of about 600 nm to 800 nm, and 1t
serves as a thin film which simply effects the multiple
interference action. Only the Kerr rotation caused by the rare
carth metal-transition metal alloy dominantly contributes to
reproduction signals. On the other hand, in the case of a
wavelength 1n the range of about 400 nm to 450 nm, an
extremely large Kerr rotation angle caused by the garnet thin
f1lm dominantly contributes to reproduction signals. The
difference 1n the Kerr rotation angle between respective
magnetization states caused by optical multiple interference
1s further superimposed on the effect caused by the garnet
thin film. The stacked structure as described above makes 1t
possible to i1mprove the reproduction efficiency on the
multi-layered recording medium by using a plurality of laser
beams having different wavelengths.

As described above, the magneto-optical recording
medium according to this embodiment i1s characterized in
that a plurality of magnetic layers, which have properties
that the recording characteristic with respect to the recording
magnetic field 1s mutually different between the respective
magnetic layers, and simultaneously the magneto-optical
cifect such as the ellipticity and the Kerr rotation angle with
respect to the measuring wavelength, especially the increas-
ing point thereof 1s mutually different between them, are
directly or indirectly stacked. Multi-layered recording can
be achieved at a high S/N ratio by performing reproduction
on the medium by using a plurality of laser beams having
different wavelengths.

Next, a specified example of the medium having the
feature as described above will be explained. At first, an SiN
underlying base layer having a thickness of 80 nm was
stacked by a sputtering method on a glass substrate applied
with pre-pits and a guide groove for tracking for a laser
beam spot. A garnet thin film as a first magnetic layer was
deposited thereon. A material used herein was obtained by
adding 1 atomic % of Rb to a garnet film, B1,Dy,Fe Al O,
produced by a pyrolysis method. In this method, nitrates of
respective elements, 1.€., Bi(NO3);-9H,0, Dy(NO,);-5H,0,
Fe(NO;);9H,0O, and AI(NO,);-5H,O were dissolved in
water at predetermined concentrations and used for spin

coating, followed by heating to achieve drying and crystal-
lization. The film had a thickness of 120 nm. A two-layered
film of TbFeCo/PtCo as a second magnetic layer was
stacked thereon through an SiN layer having a thickness of
20 nm. A film having a composition ratio of
Tbs,Fe . -Co,, - was stacked in a thickness of 45 nm, on
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which an alloy film having a composition ratio of Pt,,Co,
was stacked 1n a thickness of 45 nm. An SiN layer as a
protective film was stacked thereon 1n a thickness of 100 nm
by means of sputtering. An ultraviolet-curable resin was
spin-coated thereon, which was cured by ultraviolet 1rradia-
fion.

It 1s preferred for the magnetic layer to use a substance
providing a large magneto-optical effect at a wavelength of
cach of laser beams used for reproduction. This embodiment
1s exemplified by the use of the garnet film and the rare earth
metal-transition metal alloy for the magnetic layers. The
carnet film may be also produced by sputtering. For
example, those usable 1nclude materials obtained by substi-
tuting the rare earth element in the rare earth metal-1ron-
garnet produced by sputtering with Bi, such as
Y,-<Bi1, ,-Fe.O,,. In addition, a ferrite thin film composed
of a base material such as (Y, Sm, Eu, Gd, Tb, Dy)FeO, and
(Co, N1, Fe, Mn)Fe, 0O, 1s also a material which exhibits the
characteristic increase 1n magneto-optical effect with respect
to the wavelength, and thus such a material 1s preferably
applicable to the present invention. As for the rare earth
clement-transition metal alloy, a system containing a light
rare earth element such as Nd provides an increase in Kerr
rotation angle 1n a short wavelength region. An alloy system
of heavy rare earth metal-transition metal generally provides
a decrease 1 Kerr rotation angle in a short wavelength
region. Accordingly, a rare earth metal-transition metal alloy
containing a light rare earth element 1s combined with a rare
carth metal-transition metal alloy containing a heavy rare
carth element to construct a group of magnetic layers of a
medium. When reproduction 1s performed on such a medium
by using a plurality of laser beams having predetermined
wavelengths, then multi-layered recording can be achieved
at a high S/N ratio. Alternatively, the Kerr rotation angle 1s
also 1ncreased 1n a short wavelength region by using a film
obtained by alternately stacking Pt and Co 1n thicknesses of
several angstroms, the film being also applicable 1n the same
manner as described above. The stacking order and the
number of the magnetic layers may be arbitrarily deter-
mined.

An arbitrary dielectric protective film material may be
used for each of the SiN layers. However, those especially
preferred include, for example, nitride, oxide, fluoride, and
carbide of Si1, T1, Al, Ta, Zr, Nb, and W. The refractive index
and the thickness of these layers are selected 1 view of
multiple interference and protective performance. They may
be omitted, 1f necessary. The ultraviolet-curable resin layer
may be also omitted, 1f necessary.

The magneto-optical recording medium, 1n which the first
and second magnetic layers use mutually different materials
for the magnetic layers as described above, may be used for
the methods for recording and reproduction according to the
fourth to seventh embodiments. Thus 1t 1s possible to obtain
a reproduction signal having a more excellent S/N ratio.

Alternatively, both of the first and second magnetic layers
may be formed of garnet {ilms, and the composition of each
of the garnet magnetic layers may be adjusted so that the
reproduced signal-wavelength characteristic as shown 1n
FIG. 2 or § may be obtained. In this arrangement, in addition
to the effect of the multiple interference, 1t 1s possible to
further increase the change of the difference in the Kerr
rotation angle corresponding to each of the magnetization
states with respect to the wavelength. Accordingly, a repro-
duced signal 1s obtained at a more excellent S/N ratio.

In the aforementioned embodiments, the present inven-
tion has been exemplified by the case in which the magneto-
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optical recording medium of the present mnvention 1s sub-
jected to recording 1n accordance with the magnetic field
modulation system. However, the method for recording on
the magneto-optical recording medium of the present inven-
tion 1s not limited to the magnetic field modulation system,
which 1s also applicable to optical modulation systems in
which signal modulation 1s performed by using the pulse
frequency of a recording light beam or the power of a
recording light beam. The method of the present invention 1s
applicable to all optical recording media provided with a
plurality of magnetic layers in which the reproduction signal
output from the multi-valued state differs 1n conformity with

the use of reproducing light beams having different wave-
lengths as shown 1n FIGS. 2 and §.

INDUSTRIAL APPLICABILITY

The magneto-optical recording medium of the present
invention makes 1t possible to increase the reproduction
signal intensity ratio in the multi-valued state determined by
the combination of magnetization directions on a plurality of
magnetic layers. Accordingly, 1t 1s possible to reproduce

multi-valued information at a high S/N ratio. The magneto-
optical recording medium of the present invention also
makes it possible to reproduce information recorded on each
of magnetic layers at different wavelengths for each of the
magnetic layers. Accordingly, the recording medium 1is
extremely effective, for example, for processing correlated
information.

The method for recording and reproduction on the
magneto-optical recording medium of the present mnvention
enables the magneto-optical recording medium according to
the present mvention to be subjected to reproduction by
using reproducing light beams having different wavelengths
so that information may be reproduced at a high S/N ratio as
compared with the conventional reproduction method.
According to the method for recording and reproduction on
the magneto-optical recording medium of the present
invention, information can be independently reproduced for
every magnetic layer by using the magneto-optical recording
medium of the present invention. According to the method
for recording and reproduction on the magneto-optical
recording medium of the present invention, it 1s possible to
rewrite mnformation on only one magnetic layer among a
plurality of magnetic layers. Therefore, information can be
independently recorded and reproduced on every magnetic
layer by appropriately selecting the wavelength for record-
ing and reproduction when the magneto-optical recording
medium of the present invention 1s used. Accordingly, the
present invention makes it possible to increase the recording
density on the magneto-optical recording medium.

We claim:

1. Amethod for recording and reproduction on a magneto-
optical recording medium including a plurality of magnetic
layers (3,5), in which multi-valued information is recorded
on the magneto-optical recording medium as a combination
of magnetization states of the respective magnetic layers
(3,5), and the multi-valued information is reproduced on the
basis of an aggregate of the magnetization states of the
respective magnetic layers (3,5), wherein:

the plurality of the magnetic layers (3,5) are irradiated
with light beams having wavelengths 2., and 2., (A,=A,)
respectively, signals reproduced from reflected light
beams having the respective wavelengths are converted
into two-valued or higher multi-valued reproduction
signals respectively, and then the converted reproduc-
tion signals concerning the respective wavelengths are
mutually subjected to logical operation to reproduce the
recorded multi-valued information.
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2. The method for recording and reproduction on the
magneto-optical recording medium according to claim 1,
wherein the magneto-optical recording medium to be used 1s
a magneto-optical recording medium in which a ratio of
intensities of reproduction signals detected for a plurality of
magnetization states determined by the combination of the
magnetization states, concerning the reproduction signals
obtained at the wavelength A, 1s mutually different from
that concerning reproduction signals obtained at the wave-
length ..

3. The method for recording and reproduction on the
magneto-optical recording medium according to claim 1 or
2, wherein the magneto-optical recording medium to be used
1s a magneto-optical recording medium 1n which an order of
intensities of a plurality of reproduction signals detected for
a plurality of magnetization states determined by the com-
bination of the magnetization states, obtained upon detection
at the wavelength A,, 1s mutually different from that
obtained upon detection at the wavelength 2.,.

4. A method for recording and reproduction on a magneto-
optical recording medium including a plurality of magnetic
layers (3,5), in which multi-valued information or a plurality
of two-valued information series are recorded on the
magneto-optical recording medium as a combination of
magnetization states of the respective magnetic layers (3,5),
and the multi-valued information or the plurality of the
two-valued information series are reproduced on the basis of
an ageregate of the magnetization states of the respective
magnetic layers (3,5), wherein:

the plurality of the magnetic layers (3,5) are irradiated

with light beams having wavelengths A, and A,
respectively, information recorded on one (3) of the
magnetic layers (3,5) is reproduced via the combination
of magnetization states of the respective magnetic
layers (3,5) by using the light beam having the wave-
length A, information recorded on another (§) of the
magnetic layers (3,5) is reproduced via the combination
of magnetization states of the respective magnetic
layers (3,5) by using the light beam having the wave-
length », (A,=A,), and thus information is indepen-
dently reproduced from each of the magnetic layers
(3,5).

5. The method for recording and reproduction on the
magneto-optical recording medium according to claim 4,
wherein the magneto-optical recording medium to be used 1s
a magneto-optical recording medium 1n which an order of
intensities of a plurality of reproduction signals detected for
a plurality of magnetization states determined by the com-
bination of the magnetization states, obtained upon detection
at the wavelength A,, 1s mutually different from that
obtained upon detection at the wavelength ..

6. The method for recording and reproduction on the
magneto-optical recording medium according to claim 4 or
S, wherein information recorded on one (3) of the magnetic
layers (3,5) 1s reproduced by radiating a light beam having
the wavelength A, or A,, while the reproduced information
is combined with information to be recorded on another (5)
of the magnetic layers (3,5) to perform recording by using
a recording light beam having the wavelength A, or A, and
thus only information on the another of the magnetic layers
(3,5) is rewritten.

7. The method for recording and reproduction on the
magneto-optical recording medium according to claim 6,
wherein a two-valued signal converted into two-valued one
by slicing, at a predetermined level, a reproduction signal
including the four magnetization states detected at the
wavelength A, corresponds to a two-valued magnetization
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state of one (3) of the magnetic layers (3,5), and a two-
valued signal converted into two-valued one by slicing, at a
predetermined level, a reproduction signal including the four
magnetization states detected at the wavelength A, corre-
sponds to a two-valued magnetization state of the other
magnetic layer (5).

8. The method for recording and reproduction on the
magneto-optical recording medium according to claim 6,
wherein information 1s independently recordable on each of
the magnetic layers (3,5), and information is independently
reproducible from each of the magnetic layers (3,5) by
selecting the wavelength of the light beam with which the
magneto-optical recording medium 1s irradiated.

9. The method for recording and reproduction on the
magneto-optical recording medium according to claim 1,
wherein A, 1s 350 to 900 nm, and A, 1s a wavelength
different from A, by not less than 50 nm.

10. The method for recording and reproduction on the
magneto-optical recording medium according to claim 4,
wherein A, 1s 350 to 900 nm, and A, 1s a wavelength
different from A, by not less than 50 nm.

11. The method for recording and reproduction on the
magneto-optical recording medium according to claim 1,
wherein the magneto-optical recording medium 1s irradiated
with the light beam at A, and the light beam at A, so that the
two beams are collected at different portions on a recording
arca of the magneto-optical recording medium respectively.

12. The method for recording and reproduction on the
magneto-optical recording medium according to claim 4,
wherein the magneto-optical recording medium 1s irradiated
with the light beam at A, and the light beam at A, so that the
two beams are collected at different portions on a recording
arca of the magneto-optical recording medium respectively.

13. A magneto-optical recording medium to be used for
the method for recording and reproduction according to
claim 1, including a plurality of magnetic layers (3,5) on a
substrate, on which multi-valued information 1s recorded on
the basis of a combination of magnetization states of the

plurality of the magnetic layers (3,5), wherein:

a ratio of magnitudes of Kerr rotation angles read from a
plurality of magnetization states determined by the
combination of the magnetization states, obtained upon
reproduction by using a light beam having a wave-
length 4., 1s mutually different from that obtained upon
reproduction by using a light beam having a wave-
length A.,.

14. The magneto-optical recording medium according to
claim 13, wherein a magnetic material for at least one
magnetic layer (3) of the plurality of the magnetic layers
(3,5) is selected so that the ratio of magnitudes of Kerr
rotation angles read from a plurality of magnetization states
determined by the combination of the magnetization states,
obtained upon reproduction by using the light beam having
the wavelength A, 1s mutually different from that obtamned
upon reproduction by using the light beam having the
wavelength A.,.

15. The magneto-optical recording medium according to
claim 14, wherein the magnetic material for at least one
magnetic layer (3) is garnet.

16. A magneto-optical recording medium to be used for
the method for recording and reproduction according to
claim 4, including a plurality of magnetic layers (3,5) on a
substrate, on which multi-valued information or a plurality
of two-valued information series are recorded on the basis of
a combination of magnetization states of the plurality of the
magnetic layers (3,5), wherein:

magnitudes of Kerr rotation angles read from a plurality
of magnetization states determined by the combination
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of the magnetization states ditfer depending on a wave-
length of a reproducing light beam respectively; and

the magneto-optical recording medium has a magneto-
optical characteristic that a curve, which represents
variation 1n the Kerr rotation angle with respect to the
wavelength of the reproducing light beam detected
from one combined magnetization state, intersects a
curve which represents variation in the Kerr rotation
angle with respect to the wavelength of the reproducing
light beam detected from at least one of other combined
magnetization states, in a wavelength range of A, to A,
of the wavelength of the reproducing light beam.

17. The magneto-optical recording medium according to
claim 16, further comprising at least one dielectric layer and
comprising the plurality of the magnetic layers (3,5) on a
substrate, wherein optical path lengths of the at least one
dielectric layer and the plurality of the magnetic layers (3,5)
are adjusted so that the magneto-optical recording medium
has the magneto-optical characteristic that the curve, which
represents variation in the Kerr rotation angle with respect to
the wavelength of the reproducing light beam detected from
one combined magnetization state, intersects the curve
which represents variation in the Kerr rotation angle with
respect to the wavelength of the reproducing light beam
detected from at least one of other combined magnetization
states, 1n the wavelength range of A, to A, of the wavelength
of the reproducing light beam.

18. The magneto-optical recording medium according to
claim 16 or 17, wherein a magnetic material for at least one
magnetic layer (3) of the plurality of the magnetic layers
(3,5) 1s selected so that the magneto-optical recording
medium has the magneto-optical characteristic that the
curve, which represents variation in the Kerr rotation angle
with respect to the wavelength of the reproducing light beam
detected from one combined magnetization state, intersects
the curve which represents variation 1 the Kerr rotation
angle with respect to the wavelength of the reproducing light
beam detected from at least one of other combined magne-
fization states, in the wavelength range of A, to A, of the
wavelength of the reproducing light beam.

19. The magneto-optical recording medium according to
claim 18, wherein the magnetic material for at least one
magnetic layer (3) is garnet.

20. The magneto-optical recording medium according to
claim 16, comprising at least a dielectric layer (2), first and
second magnetic layers (3,5), and an auxiliary magnetic
layer (6) on the substrate, wherein at least one (3) of the first
and second magnetic layers (3,5) is represented by the
following general formula:

(Tb 100-.4Q4 )XFE 100-x.y.zC0yMz

wherein:

15 atomic %=X=40 atomic %;
5 atomic % =Y =20 atomic %;
0 atomic B=7Z=15 atomic %;

0 atomic %=A<=30 atomic %;
wherein M 1s at least one of elements selected from the
ogroup consisting of Nb, Cr, Pt, T1, and Al, and Q 1s at least
one of elements selected from the group consisting of Gd,

Nd, and Dy.
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21. A method for recording and reproduction on a
magneto-optional recording medium, wherein the magneto-
optical recording medium to be used 1s a magneto-optical
recording medium including two magnetic layers (3,5)
capable of four-valued recording on the basis of four com-
bined magnetization states, in which magnitudes of repro-
duction signals 0, to 0, from the four magnetization states,
obtained upon reproduction at the wavelength A, are dif-
ferent from those obtained upon reproduction at the wave-
length A.,, wherein:

the two magnetic layers (3,5) are irradiated with the light

beams having the wavelengths A, and A, respectively,
signals reproduced from respective reflected light
beams are sliced by using at least one level to obtain
two-valued or higher multi-valued reproduction signals
respectively, and the two-valued or higher multi-valued
reproduction signals concerning the respective wave-
lengths are mutually subjected to logical operation to
reproduce information recorded by four-valued record-
Ing.

22. A method for recording and reproduction on a
magneto-optical recording medium to be used 1s a magneto-
optical recording medium including two magnetic layers
(3,5) capable of four-valued recording on the basis of four
combined magnetization states, in which an order of mag-
nitudes of reproduction signals 0, to 0, from the four
magnetization states, obtained upon detection at the wave-
length 2., 1s ditferent from that obtained upon detection at

the wavelength 4., and wherein:

two-valued information on one (3) of the magnetic layers
(3,5) is reproduced by using the light beam having the
wavelengths A, and two-valued information on the
other magnetic layer (§) i1s reproduced by using the
light beam having the wavelengths ..

23. A method for recording and reproduction on a
magneto-optical recording medium including a plurality of
magnetic layers (3,5) on a substrate, on which multi-valued
information 1s recorded on the magneto-optical recording
medium on the basis of a combination of magnetization
states of the respective magnetic layers (3,5), and the
multi-valued information 1s reproduced on the basis of an
agogregate of the magnetization states of the respective
magnetic layers (3,5), wherein:

the plurality of the magnetic layers (3,5) are irradiated

with light beams having wavelengths A, and A, (A=A )
respectively, signals reproduced from reflected light
beams having the respective wavelengths are converted
into two-valued or higher multi-valued reproduction
signals respectively, and then the converted reproduc-
tion signals concerning the respective wavelengths are
mutually subjected to logical operation to reproduce the
recorded multi-valued information, wherein:

optical path lengths of layers for constructing the

magneto-optical recording medium are adjusted so that
the ratio of magnitudes of Kerr rotation angles read
from a plurality of magnetization states determined by
the combination of the magnetization states, obtained
upon reproduction by using the light beam having the
wavelength 2., 1s mutually different from that obtained
upon reproduction by using the light beam having the
wavelength A..
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